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Reversible colorimetric sensing of volatile analytes
by wicking in close proximity to a photonic filmt
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Isolation of volatile analytes from environmental or biological fluids is a rate-determining step that can delay
the response time for continuous sensing. In this paper, we demonstrate a colorimetric sensing system that
enables the rapid detection of gas-phase analytes released from a flowing micro-volume fluid sample. The
sensor platform is an analyte-responsive metal-insulator-metal (MIM) thin-film structure integrated with
a large area quartz micropillar array. This allows precise planar alignment and microscale separation (310
um) of the optical and fluidic structures. This configuration offers rapid and homogeneous color changes
over large areas that permits detection by low-resolution optics or eye, which is well-suited to portable/
wearable devices. For our proof-of-principle demonstration, we utilized a poly(methyl methacrylate)
(PMMA) spacer and evaluated the sensor's response (color change) to ethanol vapor. We show that the
RGB color value is quantitatively linked to the spacer swelling, which is reversible and repeatable. The
optofluidic platform reduces the sensor response time from minutes to seconds compared with
experiments using a conventional chamber. The sensor's concentration-dependent response was
examined, confirming the potential of the reported sensing platform for continuous, compact, and
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Introduction

Small, simple, accurate, and real-time biochemical sensors are
needed for numerous applications ranging from point-of-care
medical diagnostics to food quality monitoring.’® These
sensors especially have the potential to enable completely new
diagnostic capabilities in resource-limited scenarios, where
larger, lab-based sensing systems are impractical. One such
application is astronaut health monitoring, where accurate,
real-time device operation in a compact platform is critically
needed.” Sensor robustness, repeatability, and continuous
monitoring of key diagnostic indicators are also highly desired.”
Wearable sensors based on microfluidics offer a promising
approach to these challenges.>® Microfluidic techniques are
able to confine and control micro/nanoliters of fluid at small
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quantitative colorimetric analysis of volatile analytes in low-volume samples, such as biofluids.

scales, providing opportunities for autonomous sample collec-
tion and delivery.

Volatile analytes are present in biofluids and are being
investigated to offer new avenues for non-invasive health
monitoring.’*** Volatile organic compounds (VOCs) can be
employed as biomarkers for various diseases or disorders.'**¢
For example, VOCs in breath can be associated with radiation
exposure,””*® which is a significant concern for astronauts in
outer space. Moreover, vapor detection from fluid samples (e.g.,
sweat and saliva) can achieve real-time continuous monitoring
and provide insights into one's health status. However, the
detection of vapor analytes is often delayed by the slow
diffusion-limited transmission of analytes from the liquid
phase through the ambient vapor phase to the sensor. To
improve analyte transport and enable rapid vapor detection
with microfluidic techniques in wearable devices is hence the
focus of this paper.

Multiple sensing mechanisms have been utilized in wearable
devices, including electrochemical, optical, and piezoelectric,
among others.” Optofluidic devices, which combine the
advantages of precise fluid manipulation (microfluidics) with
the speed and sensitivity of optical sensing, are receiving a lot of
attention.”?* Nonetheless, optofluidic devices often lack
portability due to extensive off-chip hardware. One approach to
low-cost, portable optofluidic sensing is to induce a color
change that can be easily observed by users without compli-
cated equipment for signal readout. For example, in photonic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nanomaterial-based colorimetric sensors, the change of color is
caused by a change in local refractive index and/or structural
change in the presence of analytes, which is referred to as
“structure colors”.>>*>* Compared to other colorimetric sensors
(i.e., reagent-based sensors), structural color sensors are espe-
cially adaptable for wearable sensing because they are reversible
(i.e., return to the normal state after removal from the presence
of the analyte), they do not require chemical reagents, and they
are suitable for use in remote environments, such as in space,
enabling continuous and real-time operation.

Herein, we report an optofluidic sensing platform (Fig. 1) for
rapid detection of vapor from liquid samples based on struc-
tural color change. The platform is composed of both an optical
sensing component and a microfluidic element. The optical
sensing component is based on a previously reported nanois-
land metal-insulator-metal (MIM) cavity structure.*® Unlike
a typical continuous-film MIM cavity, which produces
a narrowband reflectance dip at the Fabry-Perot (FP) resonance
condition resulting in comparatively dull band-stop reflective
colors, this nanoisland MIM structure produces a well-defined
reflectance peak at the FP resonance condition, owing to
strong off-resonance absorption by the plasmonic nanoisland
top film.>*?*” This results in brighter, more vibrant reflective
colors, which depend critically upon the spacer thickness. By
incorporating a polymer spacer that swells in the presence of
the analytes of interest, a reversible, tunable colorimetric
response is achieved.>*?%>?

The microfluidic element accelerates the sensor response to
the changing analyte concentration in the vapor phase by
minimizing the length-scale between the sample (a solution
containing the volatile analyte) and the sensing material, using
a capillary-driven wicking phenomenon. The capillary wicking
is enabled by an array of micropillars with well-designed
dimensions and lattice spacing.*® This open micropillar array
can effectively sustain an evaporation-driven flow for sample
delivery, that is, the loss of fluids by evaporation from the array
is continuously compensated by the introduction of fluid from
a reservoir. As reported previously,*** the liquid transport
dynamic on the pillar array is insensitive to varied sample and
ambient conditions, and hence it will be suitable for use in
challenging environments, such as microgravity.

Experimental

Sensor fabrication

The thin-film MIM sensor was fabricated on a 45 nm Gold (Au)-
coated silicon substrate. Poly(methyl methacrylate) (PMMA)
thin film was prepared by spin coating 10% (w/v) PMMA (Mw
~120 000 by GPC, Sigma-Aldrich) that was dissolved in anisole
(ReagentPlus®, 99%, Sigma-Aldrich) on the Au-coated substrate
at various speeds ranging from 500 rpm to 3500 rpm for 1 min,
followed by baking on a hot plate at 180 °C for 1 min. The top Au
nanoislands were formed by magnetron sputtering (HHV
TF500) on the PMMA-coated substrate at a rate of 0.36 nm s~
for 3 s. Simulations of the optical stack (described later) are
consistent with a 3 nm thick effective medium layer (mixture of
air and gold). The PMMA thin film thickness was measured
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Fig. 1 The optofluidic sensing platform for the rapid detection of
vapor analytes from fluid samples.

using a spectroscopic ellipsometer (J. A. Woollam, MC-200) at
three incidence angles of 65°, 70° and 75°. The wavelength was
varied between 250 and 800 nm by a step of 10 nm. The acquired
data was modelled using the Cauchy approximation in the
WVASE 32 software to extract the thickness value.

The micropillar arrays were prepared in fused silica by UV
photolithography and plasma etching. A 6 in. diameter fused
silica (quartz) wafer was first sputter coated with 100 nm of
chromium (Cr) (HHV TF500) as an anti-reflection layer, and
then spin coated with a layer of SU8-10 photoresist. After pre-
baking, the photoresist layer on the quartz wafer was exposed to
UV (360 nm) through a Cr-glass photomask of circular patterns
(EVG 620), followed by post-baking and development by using
propylene glycol monomethyl ether acetate. Plasma etching
(ULVAC, NLD570) with argon and octafluoropropane (C;Fg)
gases was carried out to sequentially remove the exposed Cr and
then etch the silica to the required depth. The remaining Cr on
the top of each pillar was etched away by 10% (w/v) ceric
ammonium nitrate solution to give a totally transparent
micropillar chip. The pillars are 10 um diameter and 20 pum
height, arranged with a 20 pm square lattice spacing. Scanning
electron microscopy (SEM, Zeiss Crossbeam 540) was used to
image the micropillar array.

Optical characterization

Light from a halogen light source (HL-2000, Ocean Optics) was
focused onto the MIM sample surface at zero incident angle via
a bifurcated optic fiber. The reflectance spectra were collected
using a fiber-coupled spectrometer (Ocean Optics QE Pro). All
measurements were referenced to an R > 97.5% reflective silver
(Ag) mirror and normalized according to eqn (1):

Rs(2) = N(4)

SO = R =NG)

(1)
where S(1) is the normalized sensor output, Rs is the raw spec-
trum reflected from the sample, R, is the reflected spectrum
from the Ag reference mirror, and N is the noise spectrum (dark
signal) obtained by blocking all light incident on the spec-
trometer entrance slit.

Vapor sensing experiments

The vapor sensing experiments were conducted at room
temperature (23 °C). For bulk testing, the samples were placed
in three closed chambers with approximate gas volumes of 70
mL, 28 mL and 8.5 mL. A reservoir of solvent was added in to
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provide the vapor source and the solvent volume was in excess
to ensure vapor saturation within the chamber. The area of
solvent/air interface where the solvent evaporation happens was
set to be proportional to the volume of the chamber which the
vapor need to fill. The trapped vapor is assumed to quickly reach
saturation:* Py, = 5% P,un. Psar and Py, refer to saturation
pressure and atmospheric pressure, respectively.

The microfluidic sensing tests were conducted as follows:
a micropillar chip was placed upside down on a chip holder to
ensure its pillar array region is suspended over the sample at
a fixed distance of 310 pum. This distance was decided based on
instrumental limitation. A small volume (uL) of solvent was
loaded to the edge of the chip, which quickly (1-2 s) fills the
pillar array via wicking.** The thin liquid film formed in the
pillar array enables efficient evaporation of the dissolved
solvent (analyte) and can quickly equilibrate the vapor in the
microenvironment between the chip and the sample. The
volume of this semi-confined microenvironment (referred as an
“open-wall” chamber) was calculated to be 18.6 uL or 310 nL
mm .

The reflected color change of the MIM surface upon volatile
sample exposure was tracked by an epi-illumination microscope
(Motic BA 210) with a 20x objective and a CMOS camera
(Moticam 2500) for further color analysis. The optical reflec-
tance spectra of the sensor were also monitored and recorded
every 1 s over the exposure time. To reduce the optical inter-
ference from the pillar array on the top of the sensor, a pillar-
free window (approximately 0.5 x 0.5 mm) was created by
physically removing some pillars for the spectra collection and
image capture.

Simulations

The optical response of the thin-film structures was simulated
using the transfer matrix method (TMM), based on freely
available MATLAB code.** The multi-layer stack was modeled
with layer thicknesses ¢, and refractive indexes n, as follows: air
(t, = », ny = 1.0); Au nanoisland film (¢, = 3 nm, n, = measured
complex refractive index*); PMMA spacer (t; = 300-600 nm, 13
= 1.49); Au mirror (¢, = 45 nm, n, = optical constants for gold
from Johnson & Christy data®); Si wafer (t; = », n; = 3.8). Light
was normally-incident from above (through the air region), and
the reflectance, transmittance, and absorbance coefficients
were calculated for the structure.

Results and discussion
Principle of operation

In this proof-of-principle demonstration, we used (PMMA) as
the spacer material in the MIM sensor, as it is readily available
and responds to a range of organic vapors including ethanol,
methanol, acetone, and isopropanol.*® Ethanol was chosen as
a volatile model analyte to demonstrate the sensing configura-
tion, as it is a typical volatile compound with implications to
diseases such as non-alcoholic steatohepatitis and obesity. Note
that the selective detection of multiple organic vapors may be
possible through choosing the appropriate polymer spacer.>*°
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Fig. 2 Sensor overview and operating principle. (a) The optofluidic
sensor consists of a MIM thin-film stack and a quartz micropillar chip in
close proximity to the thin film surface. The gap between the chip and
the sensor is 310 pm. Scanning electron micrographs reveals the MIM
structure: 3 nm Au nanoislands/d = 380 nm responsive polymer/
45 nm Au mirror on a silicon substrate, and the pillars of 10 pm
diameter and 20 pm height, arranged with a 20 pm square lattice
spacing. When white light illuminates the MIM structure from above, it
shows a bright reflected color and the color is determined primarily by
polymer thickness. (b) Profiles of the quartz micropillar array before
and after fluid sample loading. A well-defined liquid film is formed on
the array. (c) Volatile analytes delivered via the micropillar chip to the
sensor cause polymer swelling and reflected color change over time.

Alternatively, an array of the MIM sensors with varying spacers,
coupled with chemometric analysis could achieve multiplexed
detection.*** However, this is beyond the scope of the current
study.

The colorimetric optofluidic sensor integrates a thin-film
MIM stack: 3 nm Au nanoisland/~380 nm PMMA/45 nm Au
mirror on a silicon (Si) wafer, and a quartz micropillar array for
effective analyte delivery (Fig. 2a). When exposed to the analyte,
the PMMA layer in the MIM stack swells, producing a different
reflected color (magenta) from its original color (gold) (Fig. 2a).
The micropillar array, in its current dimensions, facilitates
spontaneous liquid filling into void spaces between pillars via
capillarity, i.e., wicking (Fig. 2b). When a liquid thin film
evaporates from the array, additional liquid from the reservoir
will be drawn to refill and thus create a continuous flow in the
array area. In the sensing configuration, the array region faces
directly to the sensor surface, which can create a confined local
exposure on the sensor. A color change in the analyte exposed
area develops over time as seen in Fig. 2c, corresponding to the
change of the polymer thickness in the MIM stack due to ana-
lyte exposure.

Optical characterization

As a step towards a simplified, spectrometer-free sensing device,
we analyzed the reflected colors of discrete calibration samples
made with spacer thicknesses from 320 nm to 560 nm, several
of which are shown in Fig. 3a. Their corresponding reflectance
spectra were also recorded to correlate the reflectance peak

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Nanoisland MIM sensor design and color characterization. (a)
Color photographs of several calibration samples with varied spacer
thicknesses d. Scale bar 1 cm. (b) RGB calibration points derived from
camera images at each spacer thickness (circle markers) and inter-
polated RGB calibration curves (continuous lines) using a 5th order
polynomial fit. Spacer thicknesses were determined using ellipsom-
etry. The approximate sensing region for spacer thicknesses studied in
this work is shaded in blue.

wavelength with the spacer thickness (Fig. S1 in ESI}). Optical
simulation results in Fig. Slct demonstrate good agreement
with experiments and provide guidance for the design and color
space coverage of the sensors.

A calibration model was built from the color and spacer
thickness data (Fig. 3b) and may therefore be used to convert
the RGB value from the sensor color to an analyte-induced
change in spacer thickness. This model relates the measured
average RGB value (circle markers) for each calibration sample
to a known spacer thickness d (measured by spectroscopic
ellipsometry). The continuous curves represent a 5th order
polynomial fit through each color set R, G, and B as a function
of d.

Fig. 4 shows the workflow of color conversion. First, samples
S1-S5 having unknown spacer thickness are imaged using
a standard CMOS camera (e.g., using a cell phone) and the
average RGB color for each sample is calculated (Fig. 4a). Next,
in Fig. 4b, each sample RGB triple RGBs is compared to the RGB
triples RGBc in the calibration database developed in Fig. 3b.
The minimum Euclidean distance between RGBg and RGBg is
calculated for each spacer thickness d in the calibration set C,
resulting in the estimated spacer thickness deg:

o = miny/ () = () + (&4(d) — 8e(d))? + (by(d) — be())?
@

where rs, gs and, bs comprise the sample RGB triple RGBg;
similarly for the calibration RGB triple RGB¢, Other metrics,
including cosine similarity and other Minkowsky metrics (of
which Euclidean distance is a special case) have also been
applied to RGB analysis.** We chose Euclidean distance because
of its success in previous studies,® as well as with our own data

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Workflow for converting measured RGB color to estimated
spacer thickness: (a) calculate average RGB vector (RGBg) for each
sample (S1-S5) from camera images. (b) For each spacer thickness d in
the calibration dataset C, find the best fit between the sample vector
RGBs and the calibration vector RGBc using a suitable distance metric
(Euclidean distance here) to obtain the estimated spacer thickness dest.

set. Finally, it is important to note that the images in the cali-
bration database must be taken under the same controlled
conditions as the test samples. This requirement is relatively
easy to meet, e.g., using a cell phone, given the repeatable
reference illumination of the camera flash and built-in default
image processing.

Therefore, using the workflow in Fig. 4, the RGB color images
of the MIM structure captured by a camera reveal quantitative
information about the corresponding polymer thickness. The
RGB conversion process and fitting method are detailed further
in the MATLAB code in the ESL{

Micropillar array and sensing performance

To demonstrate the role of the micropillar array in this sensing
system, we used 100% ethanol as a model analyte and exposed
the nanoisland MIM sensor to ethanol vapor in two ways, via
the micropillar array and via a conventional gas sensing
chamber (hereafter referred as “bulk”) (Fig. 5a). Three
different sizes of conventional chambers were used to inves-
tigate the size effect on the sensing results. The reflectance
peaks of the sensor were monitored by a spectrometer as
a standard signal readout for optical sensing. The peak
wavelength was converted to a polymer thickness value based
on the calibration in Fig. S1 in the ESI.{ The change in polymer
thickness was then plotted against the analyte exposure time
and the trend was compared between the pillar array and the
bulk scenarios. Additionally, to verify the aforementioned RGB
conversion, the RGB color change of the sensor in the pillar
array scenario was also monitored to reveal the change in the
polymer thickness as a function of time.

As shown in Fig. 5b, the polymer layer swells quickly when
exposed to ethanol vapor and saturates after long-time expo-
sure. Micropillar array-assisted sensing shows much quicker
swelling, and the swelling process is reversible (Fig. S2 in ESIt).
In the inset graph where only the response of the first 90 s is
plotted, the ethanol vapor induces a substantial sensor
response within 20 s, whereas it requires a minute or more for
the bulk method. It is considered that a microscale virtual

RSC Adv, 2022, 12, 36150-36157 | 36153
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Fig. 5 Improved analyte delivery and sensing response using the
microfluidic chip. (@) Two sensing configurations: an “open-wall”
chamber enabled by the micropillar array versus a conventional gas
sensing chamber with varying volume. (b) Corresponding sensor
response is characterized by the spacer thickness change as a function
of time. The spacer thickness in dot points was calculated based on the
spectrometer-measured primary reflectance peak wavelength. The
spacer thickness in triangle markers was estimated based on the
sensor color, showing good agreement. The arrow indicates different
sensor responses for the conventional chamber with increasing size.
The inset graph shows the sensing response within the first 90 s of
exposure for both configurations.

chamber is created between the microfluidic chip and the
sensor surface in the pillar array scenario. The small chamber
size reduces the time to reach an equilibrium of ethanol vapor
near the sensor surface. This is also in agreement with the bulk
results where the sensor response slows with increasing
chamber size.

Moreover, the data in triangle markers in Fig. 5b derived
from the RGB color change is consistent with that from the

36154 | RSC Adv, 2022, 12, 36150-36157
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spectroscopic measurement, indicating the feasibility of the
RGB color conversion for a spectrometer-free sensing strategy
with our sensing platform.

In the micropillar array scenario, a mathematical model can
be used to describe the diffusion of ethanol vapor into the
polymer layer. Since the distance between the pillar array and
polymer surface is only 310 pm, and the ethanol in the reservoir
is continually replenished, we assume that the concentration of
the ethanol vapor in the semi-confined space is constant. We
also assume that there is an infinitesimally thin layer of
“condensed” ethanol on the surface of the polymer. The
concentration of ethanol in the polymer, ¢(x,t), can then be
described using the diffusion equation,
dc

dc

T
where x is the distance into the polymer, D is the diffusivity of
ethanol in the polymer, and ¢ is the time since the beginning of
exposure. The constant concentration at the surface of the
polymer is represented by c(0,t) = ¢, where ¢, is the concentra-
tion of ethanol in the thin layer, while we use a zero flux
condition at the bottom of the polymer layer. This model can be
solved using standard techniques, and the mass of ethanol that
has been absorbed by the polymer can be calculated by simple
integration over the thickness of the polymer. That is, the mass,
m(t), is given by

_ 8 < 1 D(2n — 1)t
m(l)—AX/’lXCO <1 — P Zmexp< — T))

(4)

where A is the surface area of the polymer exposed to the
ethanol (i.e., the area not covered by the Au nanoislands), and %
is the thickness of the polymer (as a first approximation we
ignore the fact that the polymer/ethanol combination may not
mimic an ideal solution). The increase in mass can be converted
to an increase in volume and subsequently an increase in
thickness. Since the diffusivity of ethanol in the polymer is
unknown, as is the surface area exposed to the ethanol, we can
use both quantities as fitting parameters and fit eqn (4) to the
experimental data obtained using the microfluidic sensor. A
similar technique was used by Hou and Baltus.**

Fig. 6 shows the modelling and experimental results of
polymer swelling of 100% ethanol exposure. Overall, the
modelling curve shows a reasonably good agreement with the
experimental one. The model predicts that the diffusivity of
ethanol in the PMMA is 9.7 x 10" "* m® s™" and that the Au
nanoislands cover approximately 78% of the PMMA surface.
The ethanol diffusivity in PMMA is consistent with the value
found in the literature.*® The predicted nanoisland coverage is
also similar to the experimental value derived from the SEM
image in Fig. S3 in ESI,T which is 73%. The model describes the
diffusion of ethanol from the surface of the polymer into the
polymer bulk. We observe good agreement between the model
and experiment, which implies that diffusion in the polymer
(rather than in the vapor) governs the time scale for the open-
wall microchamber scenario.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Modelling of the ethanol vapor-induced polymer swelling over
time in the “open-wall” chamber. In the sensing scenario, this virtual
chamber is spontaneously formed between the micropillar array and
the MIM sensor aiding the diffusion of ethanol vapor to the sensor. The
model assumes a constant ethanol vapor concentration in the virtual
chamber during the process and considers a constant-source diffu-
sion of ethanol into the polymer. The experimental polymer thickness
was calculated from the measured reflectance peak wavelength.

Spectrometer-free sensor readout

The sensor response to different concentrations of ethanol was
evaluated by continuously tracking the color change of the
sensor with an optical microscope. Fig. 7a shows the images of
the sensor surface before and after 80 s of exposure to various
concentrations of ethanol. It qualitatively shows a more distinct

(a ) 100% 75% 50% 35%
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Fig. 7 From color to concentration. (a) Color photographs of the
sensor surface when exposed to different concentrations of ethanol.
(b) The correlation between ethanol concentration and the spacer
thickness change at 80 s of ethanol exposure. The spacer thickness
value is averaged from three repeat experiments for each ethanol
concentration.
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color change with higher ethanol concentration. Quantitatively,
as described in Fig. 4, the RGB values of the images were
calculated and fitted into the spacer thickness calibration
model (Fig. 3b) to obtain the corresponding spacer thickness
under different ethanol exposure times (Fig. S4 in the ESIf).
Fig. 7b displays the change of spacer thickness as the function
of the concentration of ethanol at 80 s of exposure. The RGB-
derived thickness change in general agrees with the spectrom-
eter measured data. The linearity (R° = 0.977) in the plot
suggests analyzing the color change of the sensor is a promising
route for quantitative detection of ethanol. It thus can be
concluded that the MIM sensors studied here can be used as
colorimetric sensors for easy spectrometer-free readout. It is
worth noting that the sensitivity of this platform to analytes is
primarily associated with the polymer spacer. By carefully
choosing the optimal polymer spacer in the MIM stack, a range
of other volatile analytes can be detected and both detection
selectivity and sensitivity can be enhanced.

Conclusions

In summary, we present an optofluidic sensing platform con-
sisting of a colorimetric sensor coupled to a micropillar array
for efficient gas phase transfer of volatile analytes from liquid
samples. The precise sample-sensor separation (enabled by the
pillar array) offers a relatively large and homogeneous sensing
region with close sample proximity, which will be stable in
microgravity and can be detected by low resolution optics or by
eye. The combination improves the sensing response time by an
order of magnitude (minutes to seconds) and can be packaged
in a compact format. This platform may be applied towards real-
time human health monitoring—especially in low-resource
settings (e.g., long-duration human spaceflight)—where
simplicity and ease of operation are important, along with
accuracy and sensing performance.
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